Previous studies have shown that when speakers of European languages are asked to turn nonwords into words by altering either a vowel or consonant, they tend to treat vowels as more mutable than consonants. These results inspired the universal vowel mutability hypothesis: listeners learn to cope with vowel variability because vowel information constrains lexical selection less tightly and allows for more potential candidates than does consonant information. The present study extends the word reconstruction paradigm to Mandarin Chinese-a Sino-Tibetan language, which makes use of lexically contrastive tone. Native speakers listened to word-like nonwords (e.g., su3) and were asked to change them into words by manipulating a single consonant (e.g., tu3), vowel (e.g., si3), or tone (e.g., su4). Additionally, items were presented in a fourth condition in which participants could change any part. The participants' reaction times and responses were recorded. Results revealed that participants responded faster and more accurately in both the free response and the tonal change conditions. Unlike previous reconstruction studies on European languages, where vowels were changed faster and more often than consonants, these results demonstrate that, in Mandarin, changes to vowels and consonants were both overshadowed by changes to tone, which was the preferred modification to the stimulus nonwords, while changes to vowels were the slowest and least accurate. Our findings show that the universal vowel mutability hypothesis is not consistent with a tonal language, that Mandarin tonal information is lowerpriority than consonants and vowels and that vowel information most tightly constrains Mandarin lexical access.
Introduction
During spoken-word recognition, listeners activate multiple lexical candidates, all of which compete with one another. Competition may be due to candidates sharing an initial sound (Connine, Blasko, & Titone, 1993; Marslen-Wilson, 1990) , partial overlap (McQueen, Norris, & Cutler, 1994; Tabossi, Burani, & Scott, 1995) , or even sharing segments that are embedded (Gow & Gordon, 1995; Shillcock, 1990) . Because activation occurs continuously as the speech signal unfolds, listeners tolerate a considerable amount of mismatch and activate similar-sounding phonemes (Connine, Blasko, & Wang, 1994; McQueen, Norris, & Cutler, 1999) . From this perspective, minimally different lexical neighbors play an important role in word activation. Yet, not all information in the signal contributes equally to word activation or inhibition. It may be the case that within the speech signal some phonemes contribute more to word recognition, while other phonemes constrain word recognition more effectively.
This theory was directly tested in several European languages by comparing how consonants and vowels differ in their contribution to spoken word recognition. In van Ooijen's (1996) word reconstruction task, listeners heard spoken nonwords that could be changed to real words by altering either a consonant or a vowel. For example, listeners heard the nonword kebra and could either change a consonant to make zebra or a vowel to make cobra. The listener's task was to respond as quickly as possible with the first real word that came to mind. Van Ooijen tested participants in three conditions: a forced condition in which participants were told they must change only the vowel, a forced condition in which listeners must only change consonants, and a free choice condition in which listeners could change whichever phoneme they wanted; this setup allowed for multiple comparisons between phoneme type and across conditions. Van Ooijen's results showed a clear asymmetry: when given a free choice, participants tended to change vowels more rapidly than consonants. Additionally, participants tended to make more erroneous vowel changes in the forced consonant condition than erroneous consonant changes in the forced vowel condition. Van Ooijen concluded that English listeners have learned to treat vowels as less exact and more mutable than consonants.
In a follow-up study, Cutler, Sebastián-Gallés, Soler-Vilageliu, and van Ooijen (2000) explored whether this vowel asymmetry was an artifact of English's skewed vowel to consonant ratio. Since there were fewer candidates for vowel substitution, the authors argued that accuracy and reaction time might have been the result of a simpler lexical search. This explanation was contrasted with an acoustic closeness hypothesis in which the observed effect may have stemmed from English vowels having more acoustic overlap and potential for perceptual confusion than English consonants. These two hypotheses were tested by replicating van Ooijen's reconstruction study with Dutch and Spanish listeners. Dutch allowed for a relatively balanced vowel-consonant ratio along with several acoustically similar vowels, while Spanish provided a much higher ratio of consonants to vowels and a high degree of distinctiveness among the vowels. Cutler et al.'s findings corroborated van Ooijen's English results: Dutch and Spanish vowels were altered significantly more quickly and more accurately than consonants, and participants more often chose to change the vowel than the consonant in the free choice condition. These results led Cutler et al. to reject both the vowel-consonant ratio hypothesis and the acoustic closeness hypothesis. Cutler et al., together with van Ooijen's original study and a third reconstruction study by Marks, Moates, Bond and Stockmal (2002) , 1 offer evidence from three European languages which together suggests that vowel information constrains lexical selection less tightly than consonant information and thus allows for more potential lexical candidates.
While Cutler et al. and van Ooijen's studies offer a convincing argument for a potentially universal intrinsic vowel mutability hypothesis, the studies were all limited to European languages.
Additional data from unrelated, non-European languages are needed to strengthen this claim. Furthermore, it remains unclear how suprasegmental information interacts with vocalic information and how readily listeners access candidates that differ only in suprasegmentals. Although both languages Cutler et al. examined use stress to mark lexical distinctions, the facilitatory (or inhibitory) effect of suprasegmental information on their results was not discussed. This oversight leaves open the possibility that vowels are more mutable only if lexically contrastive suprasegmental cues are absent.
Previous work has shown that suprasegmental information can constrain lexical access in lexical tone languages (Fox & Unkefer, 1985) , lexical pitch-accented languages (Cutler & Otake, 1999) , and lexical stress languages (Cutler & van Donselaar, 2001) . Crucially, it appears that the use and role of suprasegmental cues in lexical access is language specific. English listeners do not rely heavily on stress information, presumably due to the limited number of stress minimal pairs (Cooper, Cutler, & Wales, 2002; Creel, Tanenhaus, & Aslin, 2006; Cutler, 1986) . Dutch and Italian listeners tend to rely slightly more on stress, since it can temporarily provide more disambiguating information than segmental cues (Cutler & van Donselaar, 2001; Sulpizio & McQueen, 2012; Tagliapietra & Tabossi, 2005) . Soto-Faraco, Sebastián-Gallés, & Cutler (2001) argued that, for Spanish listeners, suprasegmental information can constrain lexical activation as effectively as segmental cues can. Listeners of a lexical tone language, in which syllables can be differentiated by contrastive pitch cues, may rely on suprasegmental information to an even greater degree. Therefore, a tone language such as Mandarin Chinese can provide insight into the degree to which suprasegmental cues constrain lexical access vis-à-vis vowels and consonants, while also providing the first test of the universal intrinsic vowel mutability hypothesis with a non-Indo-European language.
Mandarin Chinese
Standard Beijing Mandarin Chinese (pu3tong1hua4) features four lexical tones: tone 1-high level; tone 2-low rising; tone 3-low dipping; tone 4-high falling. Owing to their acoustic features, Mandarin and Cantonese tones were assumed to be processed much later than segmental cues and contribute less to word recognition (Cutler & Chen, 1997; Taft & Chen, 1992) . A large body of experimental evidence from conscious judgment tasks (i.e., tone monitoring, same-different judgments and lexical decision) concluded that tone recognition is slower and less accurate than segmental recognition, and thus plays a reduced, secondary role in word recognition (Cutler & Chen, 1997; Repp & Lin, 1990; Sereno & Lee, 2014; Taft & Chen, 1992; Ye & Connine, 1999) . However, more recent studies utilizing online measures such as event-related potentials (ERP) and eye-tracking present a slightly different account of tone processing, since these measures allow for a continuous examination into the natural time course of tone processing. This body of work argues for parallel processing of segmental and tonal information as the speech signal unfolds in time (BrownSchmidt & Canseco-Gonzalez, 2004; Malins & Joanisse, 2010 , 2012 Schirmer, Tang, Penny, Gunter, & Chen, 2005; Zhao, Guo, Zhou, & Shu, 2011) . For example, Zhao et al. (2011) had participants compare whether two subsequent pictures belonged to the same semantic category. Two images were presented with a spoken word played in between. The word matched or mismatched the first picture in four ways: onset mismatch, rime mismatch, tone mismatch or full syllable mismatch. All three partial mismatches led to similar N400 modulations-an ERP component related to semantic integration-suggesting that tone information may play an equally important role as segmental cues in lexical semantic integration. Likewise, Malins and Joanisse (2012) had participants judge whether auditory words matched visually presented images. For example, participants saw a visual image of a flower (hua1) and then were presented with an auditory match (hua1) or one of five auditory mismatches: tonal mismatch (hua4, "to draw"), rime mismatch (hui1, "ash"), onset mismatch (gua1, "melon"), segmental mismatch (jing1, "energy") or unrelated mismatch (lang2, "wolf"). The authors found similar phonological mapping negativity and N400 modulations for tone and phonemic anomalies, suggesting that listeners use tonal information as soon as it becomes available to constrain word recognition.
Additionally, Wiener and Ito (2014) reported eye-tracking results that suggest the role of tone in lexical access is highly gradient and dependent on the uniqueness of each syllable-tone combination in the lexicon. The authors point out that the approximately 400 syllables and four distinct tone types should result in 1600 syllable-tone combinations. 2 Yet of the theoretical 1600 combinations, only approximately 1300 unique syllable-tone combinations are attested morphemes (Duanmu, 2007) . Because of the unpredictable assignment of lexical tone to syllables and the vast frequency and probability differences, Wiener and Ito concluded that speakers learn that certain syllables may have a greater informative need to lexically represent tone. Their finding also adds to the growing consensus of the syllable as the essential, or proximate, unit of Mandarin perception and production (Chen & Chen, 2013; Chen, Chen & Dell, 2002; Mok, 2009; O'Seaghda, Chen, & Chen, 2010; Tong, Francis, & Gandour, 2008; Sereno & Lee, 2014; You, Zhang, & Verdonschot, 2012) .
In sum, our present understanding of Mandarin and Cantonese tone processing suggests that listeners can make use of suprasegmental information as quickly as segmental information, though its relative contribution may be task, context and frequency dependent (Lee, 2007; Liu & Samuel, 2007; Mattys, White, & Melhorn, 2005; Soto-Faraco et al., 2001; Wiener & Ito, 2014; Xu, 1997 Xu, , 1998 Xu, , 1999 Ye & Connine, 1999; ) . Therefore we seek to clarify to what degree tonal information is used to constrain lexical selection. Furthermore, if tonal information contributes less to lexical selection than segments (e.g., Cutler & Chen, 1997; Repp & Lin, 1990; Sereno & Lee, 2014; Taft & Chen, 1992; Ye & Connine, 1999) , we wish to determine whether vowels or consonants play a more important role in Mandarin word recognition. Given that the experimental paradigm can strongly affect how tonal information is used, we believe the word reconstruction task offers the ideal means to tease apart the processing of tone and, most importantly, to test tone's relative contribution as compared to vowels and consonants. As van Ooijen (1996) and Cutler et al. (2000) have outlined, the word reconstruction task is unique in that it (1) insures that lexical access takes place; (2) allows for a direct comparison of the effects of tone, consonant and vowel with the same experimental item; and (3) requires listeners to directly alter their acoustic percept of the stimulus without orthographic stimulation-a crucial, yet often overlooked component to studying Mandarin and Cantonese word recognition given the nature of the native orthography (see Zhou and MarslenWilson, 1999a , 1999b and Perfetti and Zhang, 1991 for further discussion). In other words, the nonword stimulus participants hear serves as a perceptual template via which multiple real words can be recognized (Cutler et al., 2000; van Ooijen, 1996) .
The present study uses the word reconstruction task to clarify (1) whether the intrinsic vowel mutability hypothesis can be extended to a Sino-Tibetan language, (2) to what degree tonal mutability constrains lexical selection in Mandarin Chinese, and (3) if tone information contributes less to lexical selection than segmental information, whether vowels or consonants play a more important role in the process. To answer these questions, two experiments were conducted. Experiment 1 first assessed nonword stimuli by lexical decision, while experiment 2 tested the nonwords using the word reconstruction task. manner, Mandarin stimuli can come from multiple different categories of nonwords. Of particular interest to the present study are tonotactic accidental gap nonwords (see Wang, 1998) . These nonwords consist of phonotactic combinations that do not violate Mandarin phonotactics and form morphemes with one, two or three of the four lexical tones, but not all four tones, thus forming a "gap" in the possible syllable-tone combinations. These gaps can partly be accounted for due to the historic evolution of tone within Mandarin (Ho, 1976; Norman, 1988) , though some are simply accidental gaps that lack systematic explanations (Wang, 1998) . Since these gaps exist only on the tonal level, it is an open question as to whether they are processed similar to previous reconstruction nonwords such as the English nonword kebra.
Therefore, given that tonotactic accidental gaps are nonwords only when the suprasegmental level is considered, we first report results from a Mandarin lexical decision task. These results allowed us to evaluate whether our findings from the word reconstruction task were an artifact of the stimuli. Additionally, lexical decision allowed us to explore how the syllable-tone gaps were processed relative to systematic nonwords, allowed for planned comparisons between analogous real words, and allowed for a comparison between our results and those of The English Lexicon Project (Balota et al., 2007) . Furthermore, to the best of our knowledge, only Wang (1998) , Myers (2002) and Myers and Tsay (2005) have explored the processing of tonotactic accidental gap nonwords in Mandarin (see Kirby and Yu (2007) for Cantonese), albeit using word acceptability judgments rather than lexical decision. The results reported here therefore represent one of the first systematic investigations of the lexical processing of tonotactic accidental gaps in Mandarin Chinese.
Methods

Participants.
Forty subjects (29 females, 11 males) participated in experiment 1, and were paid for their time. The mean age of all subjects was 26 years and all subjects were native speakers of Mandarin. All subjects came from the Northern Mandarin region (Norman, 1988) , ensuring that they did not speak non-standard dialects. All the subjects were students at The Ohio State University and therefore spoke English as a second language at a highly proficient level. None of the subjects reported any speech or hearing disorders.
Materials.
The experimental stimuli included 80 targets, consisting of 40 monosyllabic words (abbreviation: WORD) (e.g., gong1 "work") and 40 nonwords. The nonword stimuli consisted of two different types: systematic violation of phonotactics (abbreviation: VIOL) such as consonant clusters or illegal codas (e.g., yom3) and tonotactic accidental gaps (abbreviation: TAG) in which the occurrence of a particular tone with a legal syllable results in a syllable-tone nonword (e.g., su3). Appendix 1 includes the complete stimuli set.
The 40 words were balanced for tone (10 targets per tone), syllable frequency and syllable-tone frequency using SUBTLEX-CH (Cai & Brysbaert, 2010) , with 20 high-frequency targets and 20 low-frequency targets. Nonword targets that consisted of a legal syllable (i.e., the TAG condition) were similarly balanced for syllable frequency.
2.1.3
Procedure. The stimuli were recorded by a phonetically trained female native speaker of Mandarin Chinese using a TASCAM DR-40 digital recorder at a sampling rate of 44.1 kHz. The experiment was conducted using OpenSesame 0.25 (Mathôt, Schreij, & Theeuwes, 2012) . Participants were tested in a quiet room on the campus of The Ohio State University. The entire experiment was conducted in Chinese, including the informed consent and debriefing procedures. Stimuli were presented over headphones, and participants were instructed to respond with a word (是) or nonword (不是) response as quickly and as accurately as possible. The response keys were "Z" and "/" on a standard US keyboard, with the meaning counterbalanced so that for half of the participants the "word" response was on the left, and for the other half of the participants the "word" response was on the right.
The stimuli were counterbalanced across two lists and pseudo-randomized such that no more than two consecutive trials were from the same condition. Participants began the experiment with 10 practice trials to provide familiarization with the task. The interval between trials was one second. After completion of all trials, participants completed a brief language background questionnaire. The experiment took approximately 15 minutes.
Analysis.
Reaction time from the offset of the stimulus was recorded, as was the keyboard response. Reaction times shorter than 100ms were excluded from the analysis (resulting in the removal of 86 measurements), as were reaction times longer than 3500ms (48 measurements). Thus, 3066 tokens were available for analysis. Mixed effects logistic regression modeling was used to predict response ("word" or "nonword"). A fixed effect of syllable type (WORD, VIOL, or TAG) was entered, along with random intercepts of participant and stimulus token, with a random slope of syllable type for participant. Two models were constructed: one where the baseline for the syllable type factor was the WORD level, and another where the baseline was the TAG level. These two models thus allowed all three possible comparisons between the factor levels (each model only permits n-1 comparisons, where n is the number of factor levels; see Clopper, 2013) .
Mixed effects linear regression modeling was used to predict log reaction time. For this analysis, only the subset of correct responses was analyzed, resulting in 2626 tokens for analysis. A fixed effect of syllable type (WORD, VIOL, or TAG) was entered, along with random intercepts of participant and stimulus token, with a random slope of syllable type for participant. As in the response type analysis, one model with WORD as the baseline was constructed along with a model with TAG as the baseline, to allow for comparisons between all three conditions. P-values were calculated from the t-values, using the number of observations minus the number of fixed effect parameters as an estimate of the upper bound on the degrees of freedom (Baayen, Davidson & Bates, 2008) . All mixed effects modeling used the lme4 package (Bates, Maechler, & Bolker, 2014) in R (version 3.0.2). Figure 1 shows mean "word" endorsement rates for each syllable type. The logistic regression model revealed significant differences between WORD stimuli with every other syllable type, such that WORD stimuli were far more likely to be endorsed as words than TAG or VIOL stimuli. Additionally, TAG stimuli were significantly more likely to be endorsed as words than VIOL stimuli, suggesting that the tonotactic gaps were more acceptably word-like than the other nonwords. The output of these models is summarized in Table 1 .
Results
Similar effects were observed for the analysis of reaction time. Figure 2 shows mean reaction times of correct responses to the three stimuli types. Reactions to the TAG stimuli were significantly slower than reactions to the WORD or VIOL stimuli. These models are summarized in Table 2 .
Discussion
As expected, participants correctly identified the WORD stimuli as real words, and did so relatively quickly. Similarly, the VIOL stimuli, which consisted of phonotactic violations such as yom3, were also responded to relatively quickly. The low number of "word" responses to the VIOL stimuli demonstrates that participants correctly identified these stimuli as nonwords. The TAG stimuli, on the other hand, were nonwords that conceivably could be words, and this difference between the TAG and the VIOL stimuli was reflected in the results. Overall, participants were much slower and less accurate with TAG stimuli compared to either of the other types. Taken together, these results suggest that the VIOL and WORD stimuli were very quickly and easily identified by the participants as being nonwords or words, respectively, while the TAG stimuli appeared word-like and initiated lexical access, but required further processing (such as lexical search) to rule them out. This finding underpins the notion that the TAG stimuli are extremely word-like, much like the English nonword kebra (cf. Balota et al., 2007) . The results of this experiment therefore motivate and justify the use of the TAG stimuli as stimuli in a word reconstruction task. participants. None of the subjects had participated in Experiment 1. All participants were paid for their time.
Materials.
Ninety-six monosyllabic TAG nonwords were chosen. These stimuli consist of syllable-tone gaps in standard Mandarin. No syllable was repeated, allowing for an even distribution of the overall Mandarin syllable frequency. Each nonword could be changed into a real Mandarin word by substitution of vowel, consonant or tone. For example, the nonword su3 could become su4 ("fast") via tone change, si3 ("to die") via vowel change or tu3 ("soil") via consonant change, among other potential changes. Sixty-four of the syllables were (C)(G)V syllables without a coda, while 32 of the syllables contained a nasal coda. This approximates the natural ratio of open to nasal coda syllables in the Mandarin lexicon (Duanmu, 2007) . word, there were multiple substitutions possible-for example, the nonword stimulus su3 could be changed in the tone condition to either of the words su4 ("fast") or su2 ("custom"). This fact was true of some but not all of the stimuli in the English, Dutch and Spanish sets of van Ooijen (1996) and Cutler et al. (2000) . This is an artifact of Mandarin's relatively simple, unmarked syllable structure (with no complex onsets or codas) and the lack of ambisyllabicity (Duanmu, 2007 (Duanmu, , 2008 . It is clear that the number of possible substitutions for each stimulus nonword varies as a function of the neighborhood density of the nonword (Vitevitch, Luce, Pisoni, & Auer, 1999) . Therefore, neighborhood density was calculated for each nonword as the number of lexical neighbors differing from the nonword by one phoneme deletion, substitution, or insertion; this measure was crossreferenced with MiniCorpJS (Myers, 2008) . Measures of "sub"-neighborhood density were also calculated for changes to the consonant alone, the vowel alone, and the tone alone. For example, the neighborhood density of the nonword su3 is 34; 21 of these neighbors involve a consonant change, ten involve a vowel change, and three involve a tone change. Finally, from these neighbors, an estimated "nearest" neighbor was calculated by searching SUBTLEX-CH (Cai & Brysbaert, 2010) to control for the most frequent word in each sub-neighborhood set. For example, the nonword su3's "nearest" tone change was su4, the most common form of the syllable su. See Appendix 2 for the full stimuli set.
The nonwords were divided into four sets (A, B, C, D) of 24 items each. Each set also included four practice trials. The four sets were rotated through four different substitution conditions: vowel substitution, consonant substitution, tone substitution and free substitution (vowel, consonant or tone) resulting in a within-subject design. For example, participants in list one heard the set A nonwords in the vowel substitution condition, while participants in list two heard the set A nonwords in the consonant substitution condition. Therefore, while all the participants heard all 96 items, the particular items heard in each substitution condition were counterbalanced across participants. In other words, responses for the nonword su3 were observed in all four substitution conditions, although each participant only responded to su3 once.
Additionally, to further ensure our materials were interpretable and that all participants were familiar with the terminology in the instructions, five native Mandarin speakers, none of whom participated in the study, listened to the full stimuli set and were asked to report the initial, final (see "procedure" for explanation of final/rhyme terminology) and tone of each nonword. There was 100% agreement across all five listeners.
Procedure.
The experiment was conducted using OpenSesame 0.25 (Mathôt et al., 2012) . Participants were tested in a quiet room on the campus of The Ohio State University. As with experiment 1, the entire experiment was conducted in Chinese. Stimuli were presented over headphones, and participants were instructed to listen carefully to the nonword presented, press the space bar as soon as they had thought of a real word in standard Mandarin (pu3tong1hua4) according to the condition requirements (e.g., change tones only), and then say the word aloud. Participants were not made aware beforehand that they would be asked to change different phonemic categories after each condition. Each new condition was always prefaced by new instructions and four practice trials. Because traditional Chinese phonology (and modern Chinese education) divides the syllable into two non-decomposable parts-an "initial" sheng1mu3 and a "final" yun4mu3 (Baxter, 1992; Chao, 1968 )-this wording rather than the Mandarin words for "consonant" and "vowel" were used. For each condition, all experimental items were presented in the same pseudo-randomized order, but the order of conditions presented was counterbalanced across subjects. For example, one fourth of the participants started with the consonant substitution condition, while another fourth started with the vowel substitution condition. Following van Ooijen (1996) and Cutler et al. (2000) , each trial had a 10 second response window before hearing a timeout error sound. The interval between trials was two seconds. Reaction time measured by the participants' keypress responses and oral responses (recorded using a TASCAM DR-40 digital recorder) were collected. After completion of all trials, participants completed a brief language background questionnaire. The experiment took approximately 25 minutes.
3.1.4
Analysis. 52 responses (less than 2%) were removed due to inaudibility and recording errors. Remaining verbal responses were coded as correct or erroneous.
Accuracy data were analyzed using mixed effects logistic regression modeling. Reaction time data were analyzed using mixed effects linear regression modeling. Fixed effects entered were condition (free choice, vowel change, tone change, or consonant change, with free choice as baseline) and number of lexical neighbors of the stimulus. Random intercepts of subject and stimulus were included, as were random slopes of condition and number of neighbors for subject, and a random slope of condition for stimulus. As in experiment 1, p-values for the linear model were calculated from the t-values and an estimate of the degrees of freedom.
The free change condition, where participants were free to alter any of the consonant, vowel, or tone, can be regarded as a control or baseline condition. It is in this condition where we expect the highest accuracy rates and fastest response times, following Cutler et al. (2000) . In this condition, the participant is able to respond with the first most highly activated neighbor of the nonword. In all other conditions, the participant must inhibit inappropriate neighbors-such as a tonal change in the consonant change condition-and thus responses are expected to be somewhat slower and less accurate. The level of inhibition differs from condition to condition: for example, owing to Mandarin's small tonal inventory, relative to the consonant or vowel inventories, the tonal changes possible are necessarily few and thus require high levels of neighborhood inhibition. Although words and nonwords are processed through different mechanisms (Vitevitch & Luce, 1998 , 1999 Vitevitch, 2003) , since this task involves both the perception of a nonword and the activation and production of a word, the predicted effects of lexical versus sublexical processing on this task are unclear. Nevertheless, if number of possible neighbors and the required level of inhibition influences speed and accuracy of response, then we expect the tonal change condition to be the most different from the free change condition. Table 3 presents the mean correct response latencies and the mean overall error rates for the four conditions. Figure 3 depicts mean accuracy rates in each of the four response conditions. The logistic mixed effects regression model, summarized in Table 4 , revealed significant effects for the consonant and vowel condition but not for the tone condition: the free choice condition was significantly more accurate than the consonant and vowel change conditions. Unexpectedly, the vowel change condition was significantly less accurate than the consonant change condition, and the tone change condition was significantly more accurate than the consonant change condition. A significant effect of neighborhood density was also observed, such that stimuli with more lexical neighbors had more accurate responses than stimuli with fewer lexical neighbors. Figure 4 depicts mean reaction times per condition, and Table 5 provides a summary of the linear model output. Unlike in the accuracy data, significant effects of condition were observed for all three conditions relative to the baseline: both the vowel and consonant change conditions were significantly slower than the free change condition (with the vowel change condition slower than the consonant change condition), while the tone change condition was significantly faster than the free change condition. Additionally, an effect of neighborhood density was observed, such that words with more lexical neighbors had faster responses than words with few lexical neighbors. This effect is consistent with a framing of the word completion task as a search through the lexicon for a word that is appropriately similar to the stimulus. Table 6 shows the counts of types of changes (tone, consonant, or vowel) of correct responses in the free choice condition. The overwhelming preference for tonal changes is significant, χ 2 (2) = 207.3, p < 0.001, again challenging the notion that vowel change is the default option. Indeed, changing the vowel was the least common type of change.
Results.
3.1.6 Discussion. In contrast with previous studies on European languages, these data do not support the hypothesis that vowel substitution in word reconstruction is the default or fastest operation. Indeed, these data demonstrate that the vowel change condition had among the longest reaction times and the highest error rate of any condition. In contrast, the tone change condition was practically equivalent with the free choice condition in terms of accuracy and significantly faster in terms of reaction time. Finally, consonant changes were made faster and more accurately than vowel changes, though slower and less accurately than tone changes. In the free choice condition, participants overwhelmingly preferred to change the tone rather than the consonant or vowel. Neighborhood density significantly affected both accuracy and response times corroborating previous research that has shown that nonwords that are phonologically similar to a large number of real words are responded to more quickly than nonwords occurring in sparse neighborhoods (Vitevitch, Luce, Charles-Luce, & Kemmerer, 1997; Vitevitch et al., 1999). 
General discussion
The present study set out to use the word reconstruction task to clarify (1) whether the intrinsic vowel mutability hypothesis can be extended to a Sino-Tibetan language, (2) to what degree tonal mutability constrains lexical selection in Mandarin Chinese, and (3) if tone information constrains lexical selection less than segmental information, whether vowels or consonants play a more important role in the process. With regards to the first research question, it is clear that the intrinsic vowel mutability hypothesis cannot be extended to Mandarin Chinese. The results from our word reconstruction task suggest that speakers of a tonal language like Mandarin rely on vowel information more than tone or consonant information. Mandarin speakers, therefore, do not treat vowel information as mutably as speakers of European languages do, most likely because of the lexical role of tone. Therefore we feel confident in concluding that the vowel effect is not universal. The intrinsic vowel mutability hypothesis should be amended to note that vowels are intrinsically more mutability only if lexically contrastive suprasegmental cues are absent. In fact, a close examination of the stimuli used in van Ooijen's (1996) original study suggests that the observed inherent mutability of vowels may be due to suprasegmental factors. In the stimuli set, the vowel to be changed was always in the stressed syllable of the word (e.g., poidon could be changed to pardon, by altering the stressed vowel). The consonant to be changed, however, was often in an unstressed syllable (e.g., poidon could be changed to poison, by modifying a consonant in the unstressed syllable). An alternative explanation for the results could simply be that material in stressed syllables is more accessible and are therefore responded to faster. The notion that stressed syllables are more accessible than unstressed is well-supported by decades of psycholinguistic research (see e.g., Cutler, 2008 Cutler, , 2012 Grosjean & Gee, 1987, for review) . This possibility could be tested via a post-hoc item analysis of van Ooijen's data, to determine if changes to the consonant inside the stressed syllable were faster than changes to the consonant outside of the stressed syllable.
Our second research question addressed the role of tone mutability in Mandarin lexical selection. The present study adds to the growing consensus that regardless of its time course, tone information constrains lexical selection less tightly than consonant, vowel (or syllable) information and thus allows for more potential lexical candidates (e.g., Cutler & Chen, 1997; Repp & Lin, 1990; Sereno & Lee, 2014; Taft & Chen, 1992; Ye & Connine, 1999) . Listeners made fewer tone errors and changed tones faster than they did in the consonant and vowel conditions. Additionally, in the free choice condition participants overwhelmingly preferred to change the tone than a segment. We evaluate the following four potential explanations as to why tone was changed rather than the vowel.
Firstly, it may have been the case that Mandarin listeners simply did not know what the vowel/ final was or that there was less agreement among participants as opposed to the tone or consonant largely due to the Chinese writing system. Given Mandarin's opaque, deep orthography, especially in juxtaposition with the transparent, shallow orthographies of Spanish and Dutch, it may be that native listeners lack the metalinguistic knowledge seemingly readily accessible to native speakers of alphabetic languages. However, all literate Mandarin speakers are fluent in the pin1yin1 Romanization system which follows a relatively straightforward set of sound to letter correspondences. With the proliferation of keyboard based pin1yin1 input on cell phones and computers, native speakers are highly proficient in pin1yin1 (Liu, 2005) . Because the word reconstruction task does not use orthographic stimulation, we see no reason to believe orthography can account for the results. Additionally, based on our norming of the materials in which there was 100% agreement of the pin1yin1 initial and final, we believe listeners performed the task with the correct knowledge of what a vowel or final was.
Secondly, there may have been confusion stemming from the nasal coda or off-glide. The instructions did not specify whether participants needed to preserve the coda or off-glide since traditional Chinese phonology divides the syllable into either the initial or the final (Baxter, 1992; Chao, 1968) , with no distinction between the vowel itself and the off-glide or coda. In the case of a nasal coda, both the preservation and deletion were accepted so long as the vowel was changed (e.g., men3 could be changed to min3 or ma3). Accuracy in the vowel change condition of open syllables was 43% and 41% for closed syllables. Reaction time was similarly congruent at 4126ms for open syllables and 4053ms for closed. We therefore feel certain the results were not due to interference from the nasal codas.
Third, because the tone change condition had the fewest potential changes, the findings may have been a result of the tone change condition being more constrained than the segmental change conditions, both of which had far more possible changes. The tone change condition therefore required inhibiting a large number of inappropriate neighbors, and then the selection of a single neighbor from a relatively small set. This process can be contrasted with the free choice condition, which was the least constrained condition and required the selection of a single neighbor from a large set. Given those different processes, this explanation predicts that the tone change condition should be the most different from the free change condition. This prediction was not borne out as the tone change and free choice conditions patterned almost equivalently, both in terms of accuracy and reaction time.
An alternative interpretation based on similar reasoning appeals not to the number of changes, but the magnitude of the changes in terms of perceptual similarity. This reasoning follows the assumption that tonal changes involve less phonetic substance being altered than vowel changes; that is, the perceptual-acoustic difference between [ká] and [kà] is necessarily smaller than the difference between [ká] and [kú] . However, findings in both acoustic and auditory phonetics do not support this assumption. The acoustic cues involved in vowels and tones are quite different (see e.g., Fu et al., 1998) such that comparing them is not straightforward; additionally, perceptual similarity is specific to the native language of the listener (Bradlow et al., 2010) . More specifically, the limited evidence on Mandarin demonstrates that vowels and tones are confused at roughly equal rates (McLoughlin, 2010) , suggesting that their perceptual similarity is roughly equivalent. Perceptual similarity, therefore, cannot account for the present results.
A fourth account as to why tone was changed more often than vowel is that tone carries the lowest information load in Mandarin. Tong, Francis and Gandour (2008) used a speeded classification paradigm (cf. Repp & Lin, 1990) to examine the processing interactions between each pair of segmental and suprasegmental dimensions (i.e., tone-vowel, tone-consonant, vowel-consonant). Asymmetric interference effects were observed between segmental and suprasegmental dimensions with segmental interfering more with tone than vice-versa. According to Tong et al.'s calculations, rimes are significantly more informative than consonants and consonants significantly more informative than tones. In other words, vowels provide the most information value to Mandarin listeners while tones provide the least information. The findings from the present reconstruction study strongly support this information load hypothesis.
This information load hypothesis also efficiently helps answer our third research question -if tone information constrains lexical selection less than segmental information does, do vowels or consonants play a more important role in the process? Our findings strongly suggest that vowels play a more important role in Mandarin lexical access and selection, largely owing to their high information content. Taken together, the findings from this study help clarify our understanding of Mandarin spoken word recognition. Under the theoretical framework of Marslen-Wilson (1984 , 1987 Marslen-Wilson & Tyler, 1980) , word recognition involves access, selection and integration. As the Mandarin speech signal unfolds, vowel and tone information is processed in tandem (Brown-Schmidt & Canseco-Gonzalez, 2004; Lee, 2007; Malins & Joanisse, 2010 , 2012 Schirmer et al., 2005; Zhao et al., 2011) . Since vowels carry the most information, they are largely used as the access code to the syllable or proximate unit (Chen & Chen, 2013; Chen et al., 2002; Mok, 2009; O'Seaghda et al., 2010; Sereno & Lee, 2014; Tong et al., 2008; You et al., 2012) . As our lexical decision results showed, the syllable initiates lexical access and search. At the syllable-level, tone helps constrain lexical selection less tightly, but plays a dynamic role given the syllable's frequency and tonal probability (Wiener & Ito, 2014) . In the case of tone still not able to sufficiently reduce the number of candidates-spoken Mandarin has a relatively high rate of homophony, with some syllable-tone combinations resulting in as many as 90 different morphemes (Yin, 1984) -sentential-semantic contexts have their effects during the selection stage (Zwitserlood, 1989) , further reducing the number of candidates. As Wiener and Ito (2014) have shown, access and selection take place in a largely probabilistic manner, with native speakers tracking and storing syllable-specific tonal probabilities. The present study helps underscore this last point: in the tone condition, the most probable tone was selected over 60% of the time. The nonword che2, for example, was routinely changed to the most probable syllable-tone combination che1 in both the tone and free conditions. This suggests that tone is primarily used to constrain lexical selection when it is unexpected. In most predictable communication, tone carries little informative value. For highly frequent syllables tested in the present study, tone changes were often overshadowed by consonant (or even vowel) changes, supporting the claim that tone is dynamically represented and its role fluctuates during word recognition (Wiener & Ito, 2014) . To a Mandarin listener, the nonword che2 is much more like che1 than she2 or chi2, but crucially, che2 is more like she2 or even de2 than chi2 or cha2.
Open questions still remain as to whether all speakers who use lexically contrastive suprasegmental cues rely on vowels more than onsets for lexical selection. For example, McQueen, Cutler and Otake (2001) tested speakers of Japanese (a pitch-accent language) and found that preserved Japanese consonant information was more useful to listeners than preserved vowel information. However, this study did not explicitly require participants to manipulate phonemes, and the results are therefore not directly comparable to those of the present study. Other tonal languages such as Cantonese, Thai or Taiwanese (min3nan2hua4) would serve as excellent follow-up languages since they have larger tonal inventories and allow for different tone and vowel information value accounts. It may also be worth exploring whether L1 speakers of a tonal language learn to treat vowel information as less reliable and more mutable in their non-tonal L2.
In sum, our findings have shown a stark difference in the way Mandarin listeners perform the word reconstruction task as compared to English, Dutch and Spanish listeners. Unlike native listeners of European languages, native Mandarin listeners found it easier to alter the tone and then the onset rather than the vowel of a nonword. These results allow us to reject the universal intrinsic vowel mutability hypothesis. For speakers of a lexical tone language, it appears that vowel information is more reliable than it is to speakers of non-tonal languages. [sonorant] in both English and Spanish; some types of changes that involved crossing a feature boundary were more difficult than others. Marks et al. concluded that rather than searching for individual segments, participants seemed to search for holistic patterns. 2. In the following discussion, and the rest of the paper, we use the term "syllable" to refer to purely segmental content, and "syllable-tone combinations" to refer to syllables realized with a particular lexical tone. 
